Abstract. Cancer most probably originates from stem/progenitor cells and exhibits a similar cell hierarchy as normal tissues. Moreover, there is growing evidence that only the stem cells are capable of metastasis formation. We have previously shown that overexpression of a dominant negative ephrin-B2 mutant interferes with mammary gland differentiation and confers a metastatic phenotype to NeuT-induced mammary tumors with an increase in cells with stem/progenitor characteristics. To investigate the role of ephrin-B2 in the control of the mammary stem cell niche, we analyzed the mammary stem and progenitor cell populations in transgenic mice overexpressing the mutant ephrin-B2. Quantification by FACS analysis revealed a significant increase of cells in the basal/alveolar cell-, the bi-potent progenitor-and the stem cell-enriched fractions. Moreover, the supposed precursors of estrogen receptor-positive cells were elevated in the stem cell-enriched fraction. In contrast, the epithelium from transgenic mice overexpressing the native ephrin-B2 gene showed an augmentation of the luminal celland the bi-potent progenitor-enriched fractions. Repopulation assays revealed that the epithelial cells of truncated ephrin-B2 transgenic epithelial cells have a higher regeneration capacity than those of controls and of native ephrin-B2 transgenic mice, confirming the augmentation of stem cells. Morphologically, these outgrowths exhibited impaired basal/luminal compartmentalization and epithelial polarization. These results demonstrate that deregulated ephrin-B2 expression interferes with the regulation of the stem cell niche and leads to a shift of the differentiation pathway and may thereby contribute to the acquisition of the metastatic phenotype long before carcinogenic growth becomes apparent.
Introduction
Carcinogenesis in the mammary gland can give rise to a variety of breast tumors which can generally be subdivided into luminal and basal type. Diagnosis, prognosis and specific therapy rely on precise classification of tumors. Considering the aggressiveness of carcinogenic diseases and their metastatic potential, it is widely supported that this can be attributed to a small subset of cells mainly responsible for secondary tumor formation but also relapse after therapy (1) . This evoked the ongoing discussion of the cancer stem cell hypothesis suggesting stem and progenitor cells to be the likely targets for cell transformation in cancerogenesis. Morphogenesis and homeostasis of the mammary gland as well as carcinogenesis reveal differentially regulated stem and progenitor cell niches independent of the developmental status of the tissue and endocrine and paracrine signaling cues (2) . Thus, it appears crucial to further elucidate the regulatory mechanisms of the stem cell niche in order to identify pathways which are acquired or hijacked by tumor-initiating cells narrowing down more specific therapeutical targets. We previously identified cells responsible for a metastatic phenotype of NeuT induced mammary tumors in mouse models with disturbed EphB4/ephrin-B2 signaling (3) . Furthermore, we previously described morphological disturbances in mammary development (4, 5) . In this study, we aimed to point out effects of deregulated signaling involving ephrin-B2 on the regenerative capacity of mammary epithelial cells and analyze morphological changes to identify mechanisms by which ephrin-B2 affects normal mammary gland development.
The hormonal status of estrogen, progesterone, growth hormone and prolactin coordinates the developmental events through employing local, paracrine mediators (6) . These influence cells in different ways often by modifying their microenvironment. In this way, the complex cell and tissue homeostasis involved in glandular regeneration through repeated estrous cycles and developmental cycles at pregnancy, lactation and involution is organized and adapted to the required functional state. In the carcinogenic process, alterations in the microenvironment, instrumental in governing the development during the estrous cycle, pregnancy, lactation and involution, can interfere with essential regulatory mechanisms leading to tumorigenic cells (7) .
With regard to ductal growth which mainly occurs during puberty, the growing duct requires a specialized structure to invade the fat pad, the terminal end bud (TEB). It also needs to reorganize the cells at the trailing end of the TEB to form the bilayer of luminal epithelial and myoepithelial cells of a mammary duct (8) . The outgrowth of TEBs requires stromal signals initiated by hormonal stimulation, whereas cell contact and polarity states of body cells in the TEB determine cell survival and differentiation fate. Finally, the physical barrier of fibrous tissue serves as an initiator of bifurcations, leading to branching events (6, 9) .
Cell interactions are essential not only in growing structures but also in the homeostasis of the mammary tissue. Turnover of epithelial cells without breaking up the functional architecture depends on dynamic junctional interplay between epithelial cells (10) as well as on targeted cell elimination by intraepithelial macrophages (11) . The process of regeneration and tissue homeostasis also requires activation of dormant tissue and the recruitment of cells from a mammary-specific stem cell population in their niche. This requires a specialized organization of the stem cell niche, involving signal-responsive sensory epithelial cells and the stem cell itself (2) . Current knowledge suggests an evolution of stem cell regulation which correlates with the overall state of mammary development. Prepubertally, the niche remains independent of ovary hormonal regulation and is thought to be controlled by epithelial-mesenchymal cross-talk governed by PTHrP and BMP4 (12, 13) and also involving FGF and Wnt signaling (14, 15) .
At the onset of puberty and at pregnancy, mammary stem cells are regulated by ovarian and pituitary hormone signals. Since the adult stem cells are thought to be hormone receptor negative, their hormone-dependent activation must occur in a paracrine manner via specific sensor cells in the niche (2) . Mechanisms contributing to cell regulation in this microenvironment are thus downstream of progesterone or estrogen signaling (16) (17) (18) and include among others Wnt, FGF, EGF and RANK signaling (19) (20) (21) (22) , integrin and E-cadherin mediated cell-matrix or cell-cell interactions (23, 24) , and also MMP and TGFβ mediated ECM remodelling (25, 26) . Adhesion, cell polarity, survival, dormancy, apoptosis, proliferation and differentiation are all potential cellular responses resulting from these interactions which contribute to or are decisive for tissue organization. Although extensive research has led to the elucidation of a mammary epithelial differentiation hierarchy (27) (28) (29) , many aspects of the mechanisms involved in the control of the stem cell niche, the release of precursor cells and the determination of cell fate remain to be investigated.
Members of the Eph receptor family and their cognate ligands, the ephrins, have been implicated in the regulation of cell shape, attachment and motility. Several Eph receptors have been reported to either suppress or promote integrin activity by affecting focal adhesion complexes via FAK or paxillin, through regulation of small GTPases R-ras and Rap1 activity or by interaction with the phosphatidylinositol-3-kinase pathway (30) . In the intestinal epithelium the β-catenin/Tcf complex regulates EphB receptor gene transcription and thus, expression seems to be modulated by Wnt signaling. EphB and ephrin-B genes are expressed in reciprocal gradients along the crypt villus axis and appear to define the borders of the intestinal stem cell niche (31) . Similarly, E-cadherin mediated cell-cell adhesion can also regulate Eph/ephrin expression and membrane localization and vice versa (32, 33) . These findings all link Eph and ephrin molecules to pathways which are closely related to the regulation of mammary cell fate and differentiation.
In previous work, we demonstrated that EphB4 and ephrin-B2 play major roles in mammary gland morphogenesis and tissue homeostasis (4, 5, 34, 35) . Overexpression of the native ephrin-B2 gene resulted in precocious differentiation and increased secretory activity. In contrast, expression of a truncated form of ephrin-B2, incapable of reverse signaling in mammary epithelium, resulted in delayed differentiation and aberrant tissue architecture. Myoepithelial cells formed an irregular layer around the epithelial cells and borders in between could not be clearly delineated. Consequently, secretory activity and also fat droplet formation were decreased. In addition to the aberrant epithelial morphology, these mammary glands contained a highly irregular vasculature with many blind-ended capillaries and conferred a metastatic phenotype to NeuT induced mammary tumors (4) . In this study, we investigate the impact of the deregulated ephrin-B2 signaling on the homeostasis of the mammary stem cell niche and the differentiation pathway of the stem cell progenitors. Our results reveal that deregulated ephrin-B2 signaling interferes with the binary decision pathway during progenitor cell differentiation. Moreover, the expression of the dominant negative ephrin-B2 mutant, but not the native ephrin-B2 gene, increases the mammary stem cell pool indicating that the reverse ephrin-B2 signaling is indispensable for the homeostasis of the mammary epithelial stem cell niche.
Materials and methods
Transgenic lines. The establishment of the ephrin-B2 and ∆ephrinB2 transgenic mouse lines has been described previously (4). Briefly, for the ∆ephrinB2 line a fragment encoding the intracellular part containing the five conserved tyrosine residues for reverse signaling was removed from the murine ephrin-B2 cDNA. The remaining fragment encompasses the intact sequences for the transmembrane region and the extracellular part, thus retaining the capability of correct membrane localization, interaction with EphB4 and dimerization with endogenous ephrin-B2. Forward signaling therefore remains possible whereas reverse signaling is abolished. The truncated as well as the native ephrin-B2 cDNA was placed under the control of the MMTV-LTR promoter for either mouse line and transgenic mice were established by pronuclear injection. Transgenic mice were crossed over 6 generations with inbred C57/Bl6 mice (Charles River Wiga, Sulzfeld, Germany) in order to reduce complexity of the genetic background. All animal studies were conducted according to the institutional ethics guidelines. (36) . Test cells were prepared as described above and suspended at required concentrations in DMEM medium (Sigma Aldrich, Buchs, Switzerland) with 2% (v/v) FCS. Into each cleared fat pad, 5-10 µl were injected. After 8 weeks of growth, the mice were sacrificed, mammary glands were excised and fixed in Carnoy's solution for 4 h. Subsequently, mammary glands were rehydrated and stained with Carmine Alum for outgrowth analysis. After recording, mammary glands were embedded in paraffin and sectioned for microscopy.
Cell isolation, FACS
Immunohistochemistry and laser scanning microscopy. Hematoxylin and eosin (Merck, Darmstadt, Germany) stainings were performed as previously described (4) . Antibodies used for analysis included E-cadherin (BD Biosciences, clone 36/E-cadherin), β-catenin (BD Biosciences, clone 14/β-catenin), MUC-1 (OriGene, Rockville, MD, USA, clone EP1024Y), K14 (Novus Biologicals, Littleton, CO, USA, polyclonal), K18 (Novus Biologicals, clone C-04), K19 (M-17) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, polyclonal), EpCAM (OriGene, clone 144), Par-3 (Proteintech Group, Manchester, UK, polyclonal), ZO-1 (Millipore, Zug, Switzerland, clone R40.76), ERα (Novocastra, Newcastle, UK, clone 6F11), Ki67 (Novus Biologicals, clone Sp6), activated caspase 3 (Cell Signaling Technology, Danvers, MA, USA, polyclonal), and Sca-1 (BD Biosciences, clone E13-161.7). Tissue preparation and immunohistochemistry were done as described (4) and epitope retrieval was done either by microwaving in citrate buffer pH 5.5 (E-cadherin, β-catenin, MUC-1, ERα, activated caspase 3) or in Tris-EDTA (TE) buffer pH 8.0 (Par-3, ZO-1), alternatively Proteinase K (Roche Diagnostics, Rotkreuz, Switzerland) digestion for 5 min at 37˚C was used (K14, K18, K19, EpCAM, Ki67, Sca-1).
For laser scanning microscopy the secondary antibodies included anti-mouse IgG Alexa Fluor ® 488 (Invitrogen, Basel, Switzerland), anti-rat IgG Alexa Fluor 488 (Invitrogen), anti-rat IgG Cy3 (Millipore), anti-goat IgG FITC (Millipore), anti-goat IgG Cy5 (Millipore) and anti-rabbit IgG Cy5 (Millipore) antibodies. After incubation with primary antibodies overnight the sections were washed 3 times with TBS and labelled secondary antibodies were applied in mixtures according to the demanded combinations and at the concentrations indicated by the manufacturer. Sections were incubated for 2-4 h at RT in the dark, rinsed, stained with DAPI if required (Sigma Aldrich), embedded in Mowiol (Sigma Aldrich) and analyzed using a LSM Zeiss Meta 510 (Carl Zeiss, Jena, Germany).
Results
Our previous study indicated that overexpression of a truncated dominant negative ephrin-B2 mutant (∆ephrinB2) not only promotes metastasis of mammary tumors but also results in a tumor phenotype accompanied by a preponderance of cells with stem/progenitor cell characteristics (3). We used this transgenic mouse line and transgenic mice over expressing the native ephrin-B2 gene (ephrinB2) (4) (Fig. 1B) . In contrast, the imbalanced ephrin-B2 reverse signaling in mammary epithelium of ∆ephrinB2 mice resulted in significant enrichment of basal cells (p=0.0005). In addition, significantly increased cell numbers were found in the bi-potent progenitor-enriched cell population compared to wild-type (p<0.0001), and also to ephrinB2 mammary glands (p=0.04). Interestingly, also the stem cell-enriched cell population contained significantly more cells than the respective fractions of wild-type or native ephrin-B2 transgenic mammary glands (Fig. 1B, p=0 .001 and p=0.004, respectively) suggesting that the mammary epithelium of ∆ephrinB2 females is enriched in stem cells.
The expression profile of cell surface markers itself is not sufficient proof for the identification of a cell as stem cell. Functional assays are necessary to demonstrate their presence in a given cell population. For functional analyses we used the mammary gland repopulation assay. Mammary epithelial cells were prepared from transgenic and wild-type virgin adult mice and injected into #4 mammary fat pads of 3 week old C57/Bl6 females cleared of their endogenous mammary epithelium. Cells were injected at different concentrations (10 3 , 10 4 , 10 5 ) and after 8 weeks, the animals were sacrificed and the implanted mammary glands analyzed for epithelial outgrowth. This regeneration time is not sufficient for a high repopulation frequency in wild-type Bl6/C57 mice, but highlights the enhanced repopulation capacity of the ∆ephrinB2 cells. With a longer regeneration period of 12 weeks or hormonal stimulation by pregnancy, a take rate of close to 100% was achieved in the wild-type controls injecting 10 4 -10 5 cells (data not shown). For both transgenic and wild-type cell preparations, little correlation between the number of injected cells and outgrowth frequency was seen (Table I) . This may be due to the fact that, although the recipient mice were of the same strain, they were not syngeneic and an immune response could have been elicited with high numbers of injected cells. Outgrowth was classified either as ductal tree when a considerable area of the fat pad was occupied by an epithelial tree or as single parenchymal structure when the outgrowth was limited but clearly identifiable as epithelial network structure. In wild-type animals, a ductal tree was observed in 14% and single parenchymal structures in 12% of implantations. Often (39%), a part of injected cells survived in the tissue as clumps, which were not able to grow or differentiate (Table I) . Implantation of native ephrin-B2 transgenic mammary epithelial cells resulted in a frequency of ductal trees (6%), single parenchymal structures (21%) and clumps (45%) similar to the wild-type situation. In contrast, the frequency of ductal trees (35%) was significantly higher in ∆ephrinB2 derived outgrowths, whereas no growth at all was more rare (Table I) . These results indicate that indeed the mammary epithelium of the ∆ephrinB2 animals contains a higher number of cells capable of reconstituting an entire epithelium.
In order to analyze which cell population is responsible for the observed outgrowth and increased repopulation frequency of the ∆ephrinB2 cells, cells from this strain and from wild-type controls were sorted according to the CD24/ CD49f expression levels as defined in Fig 1A. The different cell populations injected included the CD24 low /CD49f
++ stem cell-enriched fraction, the CD24 + /CD49f ++ bi-potent progenitorenriched fraction as well as the luminal and basal cell fractions.
From the stem cell-enriched fraction, 100 cells were injected, whereas from the other populations 100 and 1000 cells were used. Outgrowth from wild-type epithelial cells was observed in 8% of injections with the stem cell-enriched fraction and in 25% of injections of the progenitor-enriched fraction. In contrast, outgrowths developed from 48% of injections of the ∆ephrinB2 stem cell-enriched fraction. This was significantly higher than in wild-type, whereas the repopulation frequency from the progenitor-enriched fraction was comparable to wildtype with 18% outgrowths. In this fraction, outgrowth was only observed from 1,000 injected cells for both wild-type and transgenic cells. No outgrowth could be seen after injection of cells from the basal or luminal cell fractions from both wild-type and transgenic mammary glands (Table II) . These results suggest that not only is the stem cell-enriched fraction increased in the mammary glands of ∆ephrinB2 animals but also that this fraction contains more stem cells than that isolated from wild-type animals.
Truncated ephrin-B2 expression interferes with the differentiation pathway. In order to investigate the morphology of the outgrowths repopulated mammary glands were analyzed by whole mount staining, hematoxylin/eosin staining, immunohistochemical and confocal microscopical analyses. Wholemount staining of outgrowths from wild-type epithelial cells showed a typical ductal tree with TEBs at the tips of the growing ducts ( Fig. 2A) . Branching and the formation of alveoli were also evident. This regular pattern of outgrowth was also observed after implantation of ephrinB2 mammary epithelial cells (Fig. 2B) . In contrast, outgrowths from ∆ephrinB2 epithelial cells were characterized by extensive growth and branching activity. Alveolar structures were frequent at the expense of TEBs (Fig. 2C ). In addition, ducts were often crossing each other or grew into intimate contact with each other, suggesting impaired contact inhibition or spatial organization. Strikingly, massive ductal thickening reminiscent of hyperplastic nodules was frequently seen at branching points. Hematoxilin/eosin staining revealed a normal architecture of ductal structures with a clear bilayer of cells surrounding a lumen in outgrowths derived from wild-type and ephrinB2 mammary epithelial cells ( Fig. 2D , E, G and H). In contrast, hyperplastic, multilayered ducts, often without discernable lumen, were revealed by hematoxylin/eosin staining of ∆ephrinB2 derived outgrowths ( Fig. 2F and I) . Thus, although the mammary epithelium is enriched in cells capable of regenerating an epithelial network, their correct differentiation seems to be defective. A first indication of impaired differentiation in the outgrowths derived from ∆ephrinB2 epithelial cells becomes apparent by analyzing cytokeratin 19 (K19) expression, a marker for undiffer entiated epithelial cells, by confocal microscopy. Whereas the epithelial compartment of wild-type and also ephrinB2 (data not shown) derived outgrowths contained only single K19-positive cells mainly in growing ducts, most epithelial cells of the transgenic outgrowths exhibited K19 expression indicating their incomplete differentiation grade ( Fig. 3A and D) . K19-positive cells are thought to be not yet end-differentiated and still capable of proliferation. Cell proliferation analyzed by detection of Ki67 expression was rare in wild-type derived outgrowths (Fig. 3B and C) but highly abundant in the epithelium of transgenic outgrowths (Fig. 3E and F) . The establishment of a functional mammary parenchyma is not only dependent on cell proliferation and differentiation but also on controlled apoptotic cell death. In particular, the formation of the alveolar and ductal lumen is effected by apoptosis of the central epithelial cells. Interestingly, quantification of activated caspase-3 expressing cells undergoing apoptosis revealed that ductal structures without lumen exhibited a significantly lower apoptotic activity in the transgenic than in the wild-type derived outgrowths (2.1±0.9% and 6.7±1.5%, respectively, p<0.001). These results may explain the frequent occurrence of hyperplastic regions and ducts without lumen in the outgrowths derived from ∆ephrinB2 cells.
To examine the perturbations of ductal architecture in more detail, sections of wild-type and the two transgenic derived outgrowths were analyzed by confocal microscopy for the expression of cyokeratin 18 (K18), the main cytokeratin of luminal epithelial cells, and cytokeratin 14 (K14), the major cytokeratin of the cells of the myopepithelial lineage. In the wild-type and the ephrinB2 outgrowths, the ducts exhibit defined compartments of K18 expressing epithelial cells surrounded by a single cell layer of K14 positive cells (Fig. 4A-C and D-F) . Although K14 expressing cells were also located in the outer cell layer of ∆ephrinB2 transgenic outgrowths, this layer was discontinuous and locally both compartments were intermingled (Fig. 4G-I ). The cells accumulating between the parenchyma and stroma were negative for the expression of both cytokeratins. These results indicate that epithelial cell differentiation and the determination of cell identity are disturbed in outgrowths derived from stem/ progenitor cells of ∆ephrinB2 mammary glands. Since wildtype and ephrinB2 outgrowths were highly comparable, we have concentrated in the following on the comparison between the ∆ephrinB2 and wild-type derived outgrowth.
The integrity of the epithelial architecture was investigated by immunohistochemical detection of E-cadherin, β-catenin and Mucin-1 (MUC-1). E-cadherin and β-catenin, a protein complex critical for inter-epithelial communication and cell polarity, were detected in their correct localization on membranes of adjoining epithelial cells in ducts of outgrowths from wild-type cells (Fig. 5A and B) . In contrast, mammary epithelial cells in outgrowths derived from transgenic mammary epithelial cells showed lower expression levels and rarely membrane localization of E-cadherin and β-catenin but rather a homogeneous cytoplasmic distribution ( Fig. 5D and E) , suggesting aberrant polarization and epithelial cell communication in these structures. MUC-1 is a transmembrane glycoprotein characteristic for the luminal barrier of differentiated mammary epithelial cells. In ducts of wild-type derived epithelial outgrowths, the MUC-1 protein was localized at the apical side of luminal epithelial cells indicating that these cells underwent correct differentiation (Fig. 5C) . Strikingly, in outgrowths derived from transgenic mammary epithelial cells, strong MUC-1 expression was observed in a distinct layer of epithelial cells luminally surrounded by MUC-1 negative cells (Fig. 5F ). In the MUC-1 expressing cells, the protein did not concentrate at the apical side of the cells, but rather was present on the entire membrane, consistent with a failure in polarization. Furthermore, the stromal cell layer surrounding the ducts of wild-type outgrowths was replaced by chaotic cell accumulations with loose boundaries to the adipose tissue.
The failure of correct polarization in the outgrowths of the ∆ephrinB2 mammary epithelial cells was confirmed by confocal microscopy using anti-ZO-1 and anti-Par-3 antibodies. Par-3 and ZO-1 in normal mammary glands colocalize in the apical cell layers of mammary ducts as shown in cross and longitudinal sections (Fig. 6A and B) . Low expression of Par-3 is additionally found in the basal cell layer of control outgrowths. Outgrowths derived from ∆ephrinB2 cells show a disturbed localization of both Par-3 and ZO-1 ( Fig. 6C and D) . In a cross section of a mammary duct lacking a lumen, there is a cell layer expressing both Par-3 and ZO-1, yet there is no complete overlap. Furthermore, high Par-3 expression with random distribution is observed in cells basal to the luminal cell layer, pointing toward a defective cell compartmentalization with aberrant localization of cell polarity regulators. This is also supported by the absent continuous distinction to the surrounding cells (Fig. 6C) . In a longitudinal section the imperfect separation of luminal and basal cell layers becomes obvious where cell groups express polarity markers in a chaotic pattern and cells seem to form kind of tight-junctions in the absence of Par-3 (Fig. 6D) .
In Par-3 depleted stem/progenitor cells, interaction of Par-3/ aPKC and subsequent apical localization of the complex has recently been shown to be critical in TEB organization, duct formation and progenitor differentiation (37) . Thus it was of interest to analyze cell fate determination into steroid receptor positive or negative lineages among luminal cells, which is suggested to be represented by Sca-1 expression (29, 38) . Confocal microscopy revealed that Sca-1 positive cells were rarely detected within the EpCAM positive cells of wild-type derived outgrowths. In contrast, Sca-1/EpCAM double positive cells could readily be observed in the transgenic outgrowths (Fig. 7A ). This suggests that in ∆ephrinB2 outgrowths a shift towards estrogen receptor α (ERα) positive precursors took place. Quantification of ERα positive cells revealed their significant increase in the transgenic outgrowths compared to wild-type structures (data not shown).
In order to investigate if the increase of Sca-1 positive cells was already present in transgenic mammary glands or is a consequence of the outgrowth process, we quantified Sca-1 expressing cells by FACS analysis in the four different cell populations defined by their CD24 and CD49f expression (Fig. 1A) . These analyses indicated that the increase of Sca-1 positive cells could mainly be attributed to their preponderance in the stem cell-enriched fraction (Fig. 7B) . Combining Sca-1 expression with CD49b expression, the integrin-α2 thought to represent a marker of luminal precursor cells (39) , confirmed the increase of Sca-1 positive cells in the stem cell-enriched fraction (Fig. 7C) . The CD24 + /CD49f
++ progenitor cell-enriched fraction and the basal cell compartment did not differ in respect to Sca-1 and CD49b expression between the two experimental groups.
A striking difference, however, could be seen in the luminal cell fraction. Whereas the luminal epithelial cells of wild-type mammary glands were clearly divided into three distinct groups (Sca-1 + /CD49b low , Sca-1 + /CD49b + and Sca-1 -/ CD49b + ), the luminal cells of transgenic mammary glands exhibited only two populations most probably at the expense of CD49b-positive cells supporting the aberrant differentiation in this cell compartment (Fig. 7C) . These results indicate that the truncated ephrin-B2 expression leads to a shift of the mammary epithelial differentiation towards ERα-positive precursor cells. Interestingly, quantification of ERα-positive epithelial cells in transgenic and wild-type mature virgin mammary glands revealed no difference in ductal structures (34.2±6.3% vs. 31.6±9.5%, respectively), however, a significant increase of ERα-positive cells in the alveoli of transgenic females (34.6±7.3% vs. 23.8±3.6%; p=0.02).
Discussion
The ability of a cell to give rise to an entire functional epithelial network in an epithelial-free mammary stroma has been generally accepted as proof of its stem cell identity. Similar repopulation assays involving defined epithelial sub-populations have allowed the development of models illustrating the differentiation hierarchy within the epithelial cell compartment (27, (40) (41) (42) (43) (44) (45) . Transplantations of distinct mammary cell populations have revealed stages of clonal restrictiveness from mammary progenitor cells and have supported a hierarchical classification descending from a common stem, to bi-potent progenitor cells, and to their ductal/luminal and alveolar/basal progeny. After the separation of these lineages, both alveolar and ductal cells segregate into either estrogen receptor-positive or -negative cells.
The differentiation scheme presented in Fig. 8 illustrates a model of epithelial commitment and differentiation as it was recently summarized in an excellent review by Visvader and Smith (28) . Within the context of this model of the epithelial cell hierarchy, our results suggest that overexpression of a truncated dominant negative mutant ephrin-B2 gene in the mammary epithelium leads to an increase of the mammary stem cells and the bi-potent progenitor cells. Differentiation from this cell pool towards the basal/alveolar compartment appears to be favoured since this cell population is also significantly more abundant in the mammary glands of the transgenic mice. In contrast, overexpression of the native ephrin-B2 gene seems to promote the differentiation pathway towards the luminal phenotype but leaves the stem cell pool unaffected.
The notion that the mammary epithelium of the ∆ephrinB2 females is enriched in stem cells is not only derived from quantitative FACS analyses but is also supported by the fact that this cell population is capable of regenerating an entire ductal tree and this with small cell concentrations. In addition, transgenic outgrowths were further advanced in the invasion of the fat pad than the control, and exhibited acinar structures at the expense of TEBs as well as considerable secondary and tertiary side branching. This suggests that in addition to their increased number, the transgenic stem cells also exhibit an increased and accelerated growth potential compared to the wild-type derived cells. This appears contradictory to previous findings where pubertal outgrowth of the embryonic epithelial anlagen was delayed in ∆ephrinB2 mice (4) , yet in our current experimental setting stem and progenitor cells have been isolated from adult tissue which are susceptible to different signaling cues than cells layed down during embryonal morphogenesis (2) .
In contrast to ∆ephrinB2 outgrowths, wild-type derived and ephrinB2 outgrowths were characterized by the typical pubertal morphology with abundant TEBs and as yet low number of side branches. In addition, wild-type and ephrinB2 cells often gave rise to cell clumps which appeared to be dormant, needing either more time to form their growthpromoting microenvironment or an activating stimulus. Of note, these cells were negative for all epithelial cell markers tested (data not shown) and it will be interesting to look at the influence of hormonal stimulation during pregnancy as they might depend on progesterone stimulation for proliferation and differentiation. A recent study reported that progesterone signaling mediated by Wnt4 and RANKL is responsible for the dynamics in the regulation of the mammary stem cell pool as well as the proliferation rate and differentiation in the niche during the reproductive cycle (17) .
Members of the Eph and ephrin family have been shown to influence stem cells and their environment in a variety of organs and tissues. Bone homeostasis, asymmetric cell division of notochord/neural precursors, stem cells in dental tissue and especially the migration and proliferation of intestinal stem cells are directly regulated or influenced by Eph/ephrin signaling (46) (47) (48) (49) . Epithelial function in the mammary gland requires an operational architecture with correct compartmentalization. Although a certain functionality of the gland was maintained in the ∆ephrinB2 females, severe structural defects were apparent (4) .
In the analysis of the outgrowths, we concentrated on the analysis of marker proteins which are indicative for cell compartmentalization and proper differentiation. We found that growth of ∆ephrinB2 epithelial cells in a normal, wild-type mammary fat pad gives rise to outgrowths that lack the correct organization of luminal and basal cells. These abnormalities point to either a common defect early in the establishment of cell identity or to the diversity of mechanisms impaired by the dominant negative ephrin-B2 expression. Differentiation disorders in the luminal and basal compartment are manifest especially in the K18/K14 expression. The absence of these markers in their normal localization illustrates cells which are not responsive to environmental cues or which are unable to undergo required cellular differentiation. Interaction of the myoepithelium with the luminal compartment has been shown to be important for correct growth and differentiation of both partners (50, 51) .
We observed cells accumulating outside of, or within these compartments, which did not express any of the lineage specific markers suggesting that a subset of cells was incapable of attaining any identity. Whether the differentiation defects on myoepithelial and luminal epithelial cells emanate from only one of these populations or whether they are independently deregulated in both compartments remains unknown. E-cadherin, whose membrane localization and intracellular association is critical for apical-basal polarity of mammary epithelial cells, is not detected on membranes of ∆ephrinB2 outgrowths and consequently, also β-catenin is not membraneassociated. Moreover, the MUC-1 protein was not detected at its normal apical localization. An impaired polarity state is thus a probable mechanism for the disturbed luminal differentiation. It has been shown that E-cadherin mediated cell-cell adhesion can regulate Eph-ephrin expression and membrane localization (32) and vice versa that EphB-ephrin-B signaling recruits E-cadherin to the cell membrane (33) . Thus, deregulation of this feedback in the mammary epithelium or even direct cross-talk between truncated ephrin-B2 and E-cadherin could have led to the observed effect on cell polarity in the transgenic outgrowths. This, in turn, would promote not only the disturbances in differentiation processes but also would affect the lumen formation of the growing ducts. Lumen formation in the mammary epithelium is preceeded by polarization of the outer ring of epithelial cells, depleting the inner cell mass from contact with and signals from the ECM inducing their programmed cell death by anoikis (52).
Par-3 is a member of the core polarity regulator PAR complex (Par-3, Par-6, aPKC, Cdc42) and its transport/ localization represents an initiator of apical-basal polarity of epithelial cells and an essential component of the recruitment of ZO-1. ZO-1 in turn constitutes and maintains the tight junctions of polarized epithelial cells. The confocal analyses of these two proteins revealed severe perturbations in their expression and sub-cellular co-localization which might have led to the observed reduction in apoptotic cell death and lumen formation in the ∆ephrinB2 outgrowths. It has been shown that ephrin-B1 reverse signaling not only is controlled by and regulates adherens junctions but is also involved in the establishment of functional tight junctions (39) . Furthermore, screening for PDZ-interacting proteins of ephrins-B1-3 revealed a Par-3 homolog to be a major ephrin-interacting protein (53) .
Of note, a recent study demonstrates that ephrin-B2 reverse signaling controls septation events at the embryonic midline and the authors proposed the interaction of ephrin-B2 with Par-3 as a possible PDZ-dependent mechanism by which ephrin reverse signaling affects embryonic midline formation (54) . It is conceivable that in the mammary epithelium ephrin-B2 reverse signaling is similarly important for cell polarization either by affecting Par-3/cadherin mediated formation of adherens junctions and/or by directly regulating the formation of tight junction complexes via interaction with Par-3 and/or Par-6. Moreover, the failure of generating appropriate cell-cell contacts would also influence the maintenance of the stem cell niche, thereby altering the regenerative activity of mammary stem and progenitor cells.
As the parenchyma of the mammary gland in its developmental progression is dependent on hormonal stimulation, the link of Eph/ephrin signaling to hormonal regulation is intriguing. We have previously described that the expression of EphB4 but not of ephrin-B2 is induced by estrogen (55) . In this study, we describe the prevalence of Sca-1 and also ER-positive epithelial cells in ∆ephrinB2 mammary glands and outgrowths. This observation raises the important issue of the mutual role of ER and Eph-ephrin signaling in mammary epithelial homeostasis. Conceivably, estrogen induces the expression of EphB4, which then by interaction with ephrin-B2 is involved in the restriction of the development of ERα positive (sensor) cells. Of note, the enrichment of Sca-1 positive cells was mainly restricted to the stem cell enriched population thought to be devoid of this cell type. It remains to be elucidated, if the stem cell population does normally contain a few ERα-positive precursors, as proposed by Visvader and Smith (28) , which are augmented by the block of ephrin-B2 signaling. Alternatively, the inhibited ephrin-B2 signaling may have induced a reprogramming of stem cells to an ERα-positive status. In this context, another interesting aspect lies in the role hormonal regulation has on the mammary stem and progenitor cell pool regulation. ERα expression is thought to be absent on the most potent cells of the epithelial cell hierarchy but in a paracrine manner estrogen stimulation appears as an important factor given the mammary stem cell responsiveness as described recently by Asselin-Labat et al (56) . During carcinogenesis of ERα-positive breast cancers, ERα expression is increased at the very earliest stages of ductal hyperplasia and is further augmented with increasing atypia. Subsequently most cells in atypical ductal hyperplasias and in ductal carcinomas in situ (DCIS) of low and intermediate nuclear grade contain the ERα (57) . Concomitant with increased expression of ERα these cells become more deregulated and, in contrast to their normal behaviour, highly proliferative (58) .
Previous studies indicate that the majority of ERα-positive cells are proliferating in the malignant invasive receptor positive breast carcinomas (59) . Although none of our ∆ephrinB2 expressing transgenic females developed mammary tumors, the development of metastases from non-metastatic NeuT-induced tumors by blocking ephrin-B2 signaling (3), together with the increase of ERα-positive, proliferating cells in the transgenic epithelium and outgrowths suggests a similar regulatory failure during carcinogenesis and tissue regeneration. Since proper growth control of regenerating mammary epithelial cells depends on intact cell communication in the microenvironment (60), the deregulated ephrin-B2 signaling may have provoked resistance to or misinterpretation of environmental cues.
In summary, our results indicate that the defective ephrin-B2 signaling in the mammary epithelium leads to perturbation of the stem cell niche, to a shift in the differentiation pathway and to a defective tissue compartmentalization. Augmentation of the stem cell pool, increased numbers of ERα-positive (sensory) cells and reduced cell polarity and cell contacts, although per se not sufficient for cellular transformation, most probably provoked the metastatic phenotype once tumorigenesis was initiated. Since overexpression of the native ephrin-B2 gene led to a shift of the differentiation pathway towards the luminal phenotype, whereas truncated ephrin-B2 promoted the basal differentiation pathway, the correct differentiation decisions may depend on a balanced Eph-ephrin-B2 forward and reverse signaling. In contrast, the stem cell compartment was affected by truncated ephrin-B2 only, indicating that mainly the reverse signaling is instrumental in stem cell regulation. To our knowledge, this is the first demonstration that intact EphB4-ephrin-B2 signaling is mandatory for the regulation of the mammary stem cell niche, mammary regeneration and thereby for the homeostasis of the mammary epithelium.
